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ABSTRACT

The aim of this research was to investigate the feasibility of fabricating custom
designed, graded materials using Laser Metal Deposition (LMD) that will cater for functionality and unconventional repair. The ultimate goal of the project is to establish the
versatility of LMD for fabricating advanced materials and tackling problems that have been
conventionally diﬃcult or in cases infeasible. In order to accomplish these goals, this
research involved investigations into, the feasibility of using elemental powders as modular
feedstocks, the feasibility of fabricating tailored gradients with these custom compositions,
and ﬁnally leveraging the advantages of grading materials using LMD to successfully fabricate conventionally infeasible material systems. The copper-nickel material system was
chosen for demonstrating the modular feedstock concept. While the use of elemental nickel
lead to porosity issues, Delero-22 a nickel-silicon-boron alloy was identiﬁed as a viable
substitute. A wide range of copper-nickel alloys were fabricated through the deposition of
blended powder feedstocks. Also, using these blended powder feedstocks, graded material structures of copper-nickel alloys were successfully fabricated. Varying energy input
through pulse width modulation of laser power was identiﬁed as a viable means for manipulating chemistry gradient within these graded materials. The inﬂuence of varying chemistry
on mechanical properties was evaluated through the use of DIC coupled mini-tensile testing.
A clear distinction in the strain ﬁeld indicating the spatially varying chemistry was identiﬁed during tensile testing. Also, the feasibility of depositing on highly reﬂective alloys
of aluminum such as Al2024 and Al6061 was also investigated. Leveraging the higher absorptivity of Al4047 and remelting during LMD, a strong metallurgical bond was obtained
between the substrate and the deposit. Preheating the substrate was identiﬁed to increase
the reliability and quality of deposition. The bond between the substrate and deposit was
found to be stronger than the deposit.
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SECTION

1. INTRODUCTION

Functionally Graded Materials (FGM) are monolithic, inhomogeneous materials
whose anisotropy is tailored per a designer’s deﬁnition to cater to a speciﬁc application.
The concept of FGM was ﬁrst proposed by material scientists investigating novel means for
fabricating thermal barrier materials [1].Spatially altering the material properties or material
composition can be used to achieve such anisotropy. Techniques such as plasma spraying [2],
die compaction [3], powder metallurgy [4], slip casting [5], and additve manufacturing [6]
have been shown to be successful in fabricating FGMs. Apart from Additive Manufacturing
(AM), these processes though possess limited scope for attaining ﬁne resolution (localized
spatial control) in grading material composition. These techniques are also limited in
their capability for fabricating complex geometries. Laser Metal Deposition (LMD), on
the other hand, is quite versatile and competent in fabricating complex geometries. The
localized delivery of the feed material in LMD provides the unique opportunity of tailoring
composition within a part. The design freedoms available through FGM when coupled with
the versatility of LMD provide the scope for fabricating advanced multi-functional parts.
Existing literature on fabricating FGM using additive manufacturing is mostly limited to identifying viable material systems among the pre-alloyed powder compositions
that are currently commercially available. These material compositions were originally designed and intended for production processes such as casting, welding, rolling etc. and are
not customized for AM. Also, the manufacturing of these FGMs’ is a complicated process
due to the possible issues of incompatibility among the constituent elements. Incompatibility arises issues of diﬀerence in thermal expansion coeﬃcients, crystal structure, and
formation of detrimental intermetallic compounds [2,7-9]. Researchers have also shown
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that theorizing compatibility from a strictly metallurgical perspective, i.e. a phase diagram with no possible formation of intermetallic compounds doesn’t guarantee structural
integrity post fabrication. This is because of the development of residual stresses from
compositional variations and directional heat transfer intrinsic to additive manufacturing.
Robust control and sophisticated design are crucial to overcoming the hurdles during fabrication of FGM. The potential for fabricating FGM with LMD is signiﬁcant, however,
a vast amount of research and investigation is required to transform these prospects into
reality. Custom tailoring of compositions to make pre-alloyed powders, to meet unique
and low volume grading requirements is very expensive and often requires extensive infrastructure. A simple, feasible and economical alternative would be to incorporate blended
powders into the AM deposition. Premixing of powders to required compositions [10,11],
or mixing powder on-line by using a multi-powder feed system[12] can be adopted to implement varying composition. However, deposition of blended powder comes with its own
set of challenges. While pre-alloying has achieved limited success, successful deposition
of pre-alloyed powder doesn’t ensure the successful deposition of blended powders of the
same composition. The diﬀerence in laser absorptivity among the blended components,
coupled with the separation of powder during transport through the delivery system, can
cause signiﬁcant diﬀerences between as-blended and as-deposited compositions[11,13].
The as-deposited microstructure of the blended powders and pre-alloyed powders could end
up being signiﬁcantly diﬀerent. Segregation of particles due to lack of complete melting,
or density diﬀerences can also skew the composition of the as-deposited material [14].
The need of the hour is a signiﬁcant amount of investigation to successfully incorporate elemental powder based fabrication into additive manufacturing. In the current
research, the feasibility of fabricating various compositions of copper-nickel from blended
elemental powders will be investigated. The conclusions and ﬁndings from these studies
will be leveraged to design and demonstrate the feasibility of fabricating a graded system
that is infeasible using conventional manufacturing.
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The ability to spatially alter material properties or material composition provides the
designer the capability to pre-plan and incorporate functions to diﬀerent spatial locations
in a component. For example, a rocket nozzle fabricated with an FGM system could be
tailored to exhibit multiple beneﬁts. The surface of the nozzle that is exposed to high
temperatures and pressures can be fabricated with a material capable of minimal creep
at elevated temperatures. While the composition of material surrounding these surfaces
could be tailored to achieve high heat dissipation. Similarly, long-life bearings could
also be fabricated by designing and fabricating them as an FGM. The contact bearing
surface would comprise a hard, wear resistant composition while the supporting volume
of material would be tailored to be tough and resilient. Theorization and fundamental
research have been carried out to identify FGM systems for a multitude of applications
such as lightweight heat exchangers, rocket nozzles, long life bearings, high-performance
turbine blades etc. [2,15-18]. However, to create multi-functional, and multi-material
components using additive manufacturing or LMD, developing a comprehensive strategy
that will investigate the eﬀects of geometry, composition, and, thermal history and thereby
allow the creation of detailed process plans is warranted. A voxel-based path plan, where
each voxel represents the position, composition (and the required process parameters to
achieve it) needs to be generated in advance [15]. The work performed as a part of this
research would be crucial in laying the foundation to FGM fabrication. This research would
be instrumental in establishing a philosophy for choosing composition-process-geometry
combinations and successfully fabricating novel FGMs.

1.1. TECHNICAL OBJECTIVES
The capability of fabricating custom compositions is critical to fabricating FGM
with wide ranges of compositional variance. Incorporation of modular feedstocks such
as elemental powders into LMD is critical for attaining such capabilities. The research
performed under this eﬀort will present evidence that supports the beneﬁts and design
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ﬂexibility possible from using elemental powders. Additional ﬂexibility in grading is also
theorized to be feasible from controlling laser parameters to induce diﬀering amounts of
dilution/ re-melting. The principal objectives of this work were
• Investigate the feasibility of the fabricating various compositions of alloys using
elemental powders
• Identify possible solutions to ensure successful deposition through modular feedstocks
• Fabricate tailored gradients using ﬂexible feedstocks and controlled process parameters
• Investigate the scale of diﬀerence in material properties and mechanical performance
through characterization
• Apply the knowledge gleaned from these studies, demonstrate feasibility of achieving
grading in a conventionally infeasible

1.2. RESEARCH NEED
The existing literature on additive manufacturing processes based on powder feedstock involves research of mostly pre-alloyed powders. To cite a few examples, Boschetto
et.al. performed their study on surface roughness using AlSi10Mg pre-alloyed powder
[19]. Feng et.al. in their study on the high-temperature hardness of laser claddings used
Inconel-625 as the precursor material [20]. Dutta and Froes, in their report, extensively
discuss the incorporation of titanium pre-alloyed powders into various additive manufacturing techniques [21]. They state that immense cost beneﬁts are feasible from additively
manufacturing titanium and titanium alloys. They also state that additively manufactured
titanium material is almost as good if not better than conventionally fabricated titanium.
Although signiﬁcant advances and claims have been made by using pre-alloyed powders,
the compositions of these powders were originally tailored for conventional production
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processes. Their incorporation in additive manufacturing often creates unforeseen challenges. The literature on these materials from conventional production processes is often
not relevant or applicable for additive processes due to the vast diﬀerences in solidiﬁcation
dynamics.
1.2.1. Pre-Alloyed Powders vs. Blended Powders. Production and procurement
of pre-alloyed powders can be a costly aﬀair due to the need for expensive infrastructure. The
adoption of a more modular approach can avoid these bottlenecks. The fabrication of a wide
variety of compositions and thereby alloys becomes possible by incorporating elemental
powders as feedstocks. The authors theorize that the incorporation of elemental feedstocks
can exponentially expand the capability of any additive manufacturing based fabrication
technology. Premixing of powders to the required composition or mixing powder on-line
by using a multi-powder feed system can be adopted to implement compositional change.
While employing elemental powders does look promising, there are a great number of
aspects that need investigation. Particularly more knowledge pertaining to the diﬀerences
between materials fabricated using pre-alloyed powders and blended powder of the same
composition needs to be gathered [22]. Inﬂuence of feedstock parameters, process setup and
parameters over the chemistry and microstructure of the ﬁnal material needs to be assessed.
1.2.2. Copper-Nickel Material System. Copper and copper alloys are a great
choice for applications requiring high electrical and thermal conductivity. They are also
resistive to corrosion in alkaline environments. Nickel and its alloys, on the other hand, are
known for their high strength and toughness. These alloys exhibit high strengths at elevated
temperatures and possess high corrosion and oxidation resistance. An FGM involving
copper and nickel would potentially be a boon to the creation of a thermal barrier system.
Copper and nickel exhibit complete and mutual solubility with no possible intermetallic
compound formation [23]. Both the metals have similar densities and FCC crystal structures.
Copper is also highly reﬂective to infrared light and is therefore near impossible to deposit
using ﬁber lasers [24]. LMD of copper-nickel blended powders is however feasible due
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to the presence of nickel. The nickel powder is expected to initiate and sustain the melt
pool, the copper powder would be absorbed into the melt pool and solidify as the required
copper-nickel alloy. Homogenous deposition of powder blends is critical to fabricating
tailored gradients in FGM. The current research involved investigation into the feasibility
of fabrication, and homogeneity in the outcome material. The study also involved the
characterization of the material properties of the fabricated material.
1.2.3. Tailored Grading. The strategic blending of elemental powders to manipulate feedstock composition for attaining designed gradient would be the simplest method
for tailoring the FGM. Depositing series of blends of powders gives control over grading, however, this approach needs more than a few layers to attain the required gradient.
Thereby, increasing the thickness of the ﬁnal part. If plausible, eliminating the deposition
of series of blends of powders and depositing the ﬁnal composition directly can decrease
the minimum thickness. However, without proper control, steep concentration gradients
might be created. These gradients could create residual stresses and lead to low structural
integrity. The authors believe tailored grading can be achieved through changing process
parameters.
By using varied feedstock compositions, controlling the dimensions of the melt pool
and portions of the melt pool corresponding to re-melting of the layers around the melt pool,
one can control the composition of the newly solidiﬁed material. If there is a compositional
diﬀerence between the previous and current tracks, the proportion of re-melting inﬂuences
the ﬁnal composition of the newly solidiﬁed material. Greater the amount of re-melting,
greater the dilution from the substrate or the neighboring track. Using the rule of mixtures
model, the instantaneous composition of the melt pool can be calculated, Figure 1.1 shows
the variation of composition with layer number under diﬀerent scenarios of re-melting and
feedstock composition while assuming a hemispherical melt-pool and complete mixing.
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Figure 1.1. Instantaneous melt pool composition for diﬀerent powder mixtures and remelting depths and overlaps (calculated basing rule of mixtures) while depositing a horizontal layer. The composition of the substrate is 100% wt. Ni and the feed stock composition
varies from 75% to 25% wt. Ni (remaining is copper).

Changing the feedstock composition and changing the track overlap can inﬂuence the
grading pattern. The authors theorize controlled manipulation of these parameters can be
means to achieving tailored gradients.
1.2.4. Aluminum Deposition. Aluminum alloys have always found favor in applications that have demanded high strength to weight ratios [25]. Their lower densities make
them ideal for aerospace and other applications that prize weight savings while still exhibiting exceptional strength. Some aluminum alloys are even being looked at as replacements
for steel. Owing to their favorable properties, they have been employed in the manufacture
of a large number of aerospace components which today require repair and refurbishment.
While replacement of the component is viable in some scenarios, it is an expensive solution.
In other cases, even the supply chain needed to repair these legacy components have long
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been shut down. In order to address this knowledge shortfall, organizations like the United
States Navy are trying to develop novel solutions with the capability to additively manufacture and repair these legacy components. The research presented in this dissertation is a
step in this direction, and provides a potential solution that can be adopted and implemented
in existing LMD systems to address this need. An additional beneﬁt of this research would
be the ability to add features to pre-cast parts which would bridge the ﬂexibility of LMD
systems to the favorable economics of conventional manufacturing.
Pure aluminum and copper exhibit signiﬁcant reﬂectivity to incident light [24].
Aluminum reﬂects approx. 92% of visible light and 98% of the near infrared radiation.
Copper, on the other hand, reﬂects almost all of the incident near in the near infrared
spectrum. However, the feasibility of depositing blended copper-nickel powders indicates
that workarounds are possible for overcoming issues of reﬂectivity. By employing diﬀering
alloying elements, the reﬂectivity of the aluminum alloys can be varied and some of them
can be made to be relatively more absorptive of the incident laser light. This increased
absorptivity aids in the initiation of the melt pool and thereby the LMD process. This
feasibility provides the prospects for repairing defects or adding features on components
composed of highly reﬂective aluminum alloys. This dissertation includes an investigation
into the feasibility of this theory.
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ABSTRACT
In the current study, the feasibility of fabricating copper-nickel alloys by using
laser metal deposition and blended powder feedstocks was investigated through material
characterization. Material fabricated from the blended powder mixtures containing elemental nickel was seen to possess large amounts of gas and shrinkage porosity. Due to
this porosity, elemental nickel powder was deemed to be an unviable modular feedstock.
Instead, Delero-22, a high nickel content alloy was identiﬁed as a viable substitute for
elemental nickel. The silicon and boron alloy additions in Delero-22 alloy were identiﬁed
to be crucial in overcoming the porosity prevalent when using elemental nickel. Counterparts to commercially available copper-nickel alloys were then fabricated using blended
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elemental copper and Delero-22 alloy powders. Thus fabricated alloys were characterized
using X-Ray Diﬀraction, Scanning Electron Microscopy, Vickers hardness testing, Energy
Dispersive X-Ray Spectroscopy, and mini-tensile testing. Analyses revealed the deposited
material was formed with homogenous microstructure and the resultant compositions were
close to as-blended feedstocks. The results from tensile testing showed an increase in
strength caused by solid solution strengthening upon addition of copper to nickel. The
addition of copper also increased the ductility of the material. Analysis of the fracture
surface revealed changes in the fracture mechanism from transgranular to ductile with an
increase in copper content. Variation in scan speed during laser metal deposition resulted in
a change in average secondary dendrite arm spacing and variability in tensile performance.
Keywords: Elemental powders; Additive manufacturing; Laser metal deposition; Miniature
tensile testing

1. INTRODUCTION
The laser metal deposition process is an additive manufacturing technology that
has the ability to fabricate complicated geometries with excellent material properties. The
process involves melting of blown powder in a layer by layer fashion to fabricate desired
geometries. Lewis and Schlienger [1] demonstrated that the layer by layer build schema used
in laser metal deposition provides the possibility of setting up a single stage manufacturing
unit. The use of a powder based feedstock oﬀers the scope for easy adoption of a wide variety
of materials. The existing literature on additive manufacturing processes based on powder
feedstock mostly employ pre-alloyed powders. To cite a few examples, Boschetto et al. [2]
performed their study on surface roughness using AlSi10Mg pre-alloyed powder. Feng et al.
[3] performed a study on the high temperature hardness of laser claddings through the use of
Inconel-625 as the precursor material. Dutta and Froes [4], in their report extensively discuss
the incorporation of titanium pre-alloyed powders into various additive manufacturing
techniques. They state immense cost beneﬁts are feasible from additively manufacturing
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titanium and titanium alloys. They also state additively manufactured titanium material is
almost as good if not better than conventionally fabricated titanium. Although signiﬁcant
advances and claims have been made by using pre-alloyed powders, the compositions
of these powders were originally tailored for conventional production processes. Their
incorporation in additive manufacturing often creates unforeseen challenges. The literature
on these materials from conventional production processes is often not relevant or applicable
to additive processes due to the vast diﬀerences in solidiﬁcation dynamics.
Production and procurement of pre-alloyed powders can be a costly aﬀair due to
the need for expensive infrastructure. The adoption of a more modular approach can avoid
these bottleneck issues. The fabrication of a wide variety of compositions and thereby
alloys becomes possible by incorporating elemental powders as feedstocks. The authors
theorize that the incorporation of elemental feedstocks can make the fabrication technology
more advanced and capable. By doing so, a true voxel-based fabrication technology (as
described by Doubrovski et al. [5]) capable of creating a monolithic part with spatially
variant material properties and material composition would be possible for metals as well.
Premixing of powders to the required composition or mixing powder on-line by using
a multi-powder feed system can be adapted to implement compositional change. Yan
et al. [6]successfully demonstrated the feasibility of fabricating Ti-6Al-4V alloy from
blended elemental powders. They also studied the impact of process parameters and blend
composition on output material properties. Müller et al. [7] modeled the powder transport
and successfully fabricated a graded structure by varying feedstock composition online.
Li et al. [8, 9] demonstrated a successful grading from titanium to steel by employing a
customized transition route. This grading was only feasible due to the incorporation of
elemental powders. While employing elemental powders does look promising, there are a
great number of aspects that need investigation.
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The feasibility of successfully depositing of a pre-alloyed powder doesn’t ensure the
feasibility of depositing blended powder of the same composition. The diﬀerence in laser
absorptivity among the blended components, and, separation of powder during transportation can cause signiﬁcant diﬀerences between as-blended and as-deposited compositions
[10]. Clayton [11] investigated the feasibility of fabricating stainless steel 316, stainless
steel 430 and Ti-6Al-4V alloys by using elemental powder mixtures as feedstocks. The
study involved a comparison of microstructure and hardness between materials fabricated
using elemental mixtures and pre-alloyed powders. The as-deposited microstructure of
the blended powders and pre-alloyed powders was found to be signiﬁcantly diﬀerent for
stainless steel 430 and Ti-6Al-4V deposits. However, the depositions of stainless steel 316
were found to produce similar material. Chen et al.[12] studied the impact of diﬀerences
in particle size distributions of elemental powder mixtures on the composition of the asdeposited material. They state that diﬀerences in particle sizes and particle densities causes
diﬀerences between as-deposited composition and as-blended composition. They proved,
up to the spec composition can be fabricated by controlling the particle size distributions
of the precursor elemental powders. Investigations performed by Schwendner et al. [13]
concluded that segregation of particles due to the lack of complete melting, or density
diﬀerences can also skew the composition of the as-deposited material. To conclude, a
signiﬁcant amount of investigation is still required to successfully incorporate elemental
powder based feedstock into laser metal deposition. In the current study, an investigation into the feasibility of fabricating various compositions of copper-nickel material from
blended powders was performed.
Copper and copper alloys are a great choice for applications requiring high electrical
and thermal conductivity. They are also resistive to corrosion in alkaline environments.
Nickel and its alloys, on the other hand, are known for their high strength and toughness.
These alloys exhibit high strengths at elevated temperatures and possess high corrosion
and oxidation resistance. A functionally graded system involving copper and nickel would
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potentially be a boon to the creation of a thermal barrier system. Utilization of elemental
copper and nickel powder feedstocks in laser metal deposition can enable the capability to
produce various compositions on demand. However, this is only feasible if the laser metal
deposition can produce good quality homogenous material over a wide range of blended
compositions. This study aims at investigating this feasibility.

2. EXPERIMENTAL SETUP
The deposition of the materials under this study was carried out on a system equipped
with a CNC stage and an edge nozzle feed setup connected to a Bay state technologies
Model 1200 powder feeder. A 1kW ﬁber laser from IPG Photonics was used as the
power source. A schematic diagram of the deposition setup is shown in Figure 1. The
powders employed in the study were elemental copper (99.9% pure, from Oerlikon Metco,
-100/+325 mesh, gas atomized), elemental nickel (99.9% pure, from Atlantic Engineering
Equipment, -100/+325 mesh, gas atomized), and, Delero-22 alloy (composition in Table 1),
from Kennametal Stellite, -100/+325, gas atomized). The powder feedstocks were prepared
by mixing precisely weighed amounts of each powder in a container using a Turbula mixer.
Each blend of powder was mixed for 30 minutes to ensure uniformity within the blend.

Figure 1. Schematic diagram of the deposition setup during a thin wall deposition.
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Table 1. The composition of Delero-22 alloy in weight percentage.
Element
C
Weight % 0.01

S
0.000

Ni
B Cr
Bal. 1.3 0.0

Fe
P
Si
0.4 0.003 2.4

Preliminary depositions were performed by using blends of elemental copper and
elemental nickel. Later, elemental nickel powder was substituted by Delero-22 alloy. The
deposited material was characterized using, a Helios Nanolab 600 SEM equipped with
an Oxford Energy Dispersive X-Ray Spectrometer, a Panalytical X’pert Research Diﬀractometer, a Struers Duramin hardness tester, and an Instron universal testing machine. The
analyses involved Scanning Electron Microscopy, Energy Dispersive X-ray Spectroscopy
(EDS), optical microscopy, X-Ray Diﬀraction (XRD) and tensile testing towards the characterization of the material properties and microstructures.
The tensile characterization of the material was carried out by testing miniature
specimens on an Instron universal testing machine. A Hansvedt DS-2 wire-EDM was
used to cut these specimens to the dimensions shown in Figure 2). In case of a gripspecimen misalignment, the grips reposition minimally based on the need to avoid torquing
or bending of the miniature tensile specimen. The tensile tests were carried out at a closed
loop controlled strain rate of 0.015/min till a strain of 1% (for accurate oﬀset yield strength
measurement) and then the rate was ramped up to 0.5/min till failure.

3. RESULTS AND DISCUSSION
The initial stages of the study involved the fabrication and characterization of deposits made from blended powder feedstocks containing elemental nickel and elemental
copper powders. The composition of these powder blends was as listed in Figure 3.These
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Figure 2. (a) Dimensions of the miniature tensile specimen in mm, (b) Specimen loaded in
the self-aligning grips with extensometer set, (c) Specimen broken after the test.

depositions were carried out at a constant power of 700W and scan speed of 300mm/min.
The deposited material was sectioned, mounted, polished and etched to reveal the microstructure.
The images of microstructure revealed gas porosity (spherical in shape) and shrinkage porosity (irregular in shape). With the exception of blend-2, all the compositions
formed a single-phase material with equiaxed grains. The bright dendritic phase seen in the
microstructure image of blend-2 was expected to have solidiﬁed ﬁrst and the dark matrix
solidiﬁed last. This contrast reﬂects the compositional diﬀerence between the two phases.
The occurrence of the diﬀerent phases in the microstructure can be attributed to the
rapid cooling of the laser metal depositions process. With increasing copper content the
solidus and liquidus of the material are expected to decrease. Therefore, by using the same
power parameters, the superheat in the melt pool is expected to increase with increasing
copper content. This excess heat results in a slower cooling rate resulting in a homogenous
microstructure. This phenomenon is theorized as the reason behind only blend-2 producing
segregation. The maximum copper content in the blends was limited to 75% due to its high
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reﬂectivity at the employed laser’s operating wavelength. At levels of copper higher than
that of blend-4, controllable and consistent deposition was unachievable due to diﬃculty in
sustaining a melt pool.

Figure 3. As-deposited microstructures of elemental powder blends (Etched using 70%
volume nitric acid). Images reveal spherical gas porosity and inter-dendritic shrinkage
within the deposits.
Table 2. The composition of blends listed in 3.
Element Blend 1
Cu (%wt.)
0
Ni (%wt.)
100

Blend 2 Blend 3 Blend 4
25
50
75
75
50
25

XRD was also performed on these deposits to identify the change in peak pattern with
reference to the change in copper content. This analysis also revealed that the deposited
material was a single phase solid solution. The identiﬁed peak pattern ascertained the
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Figure 4. XRD plots of material fabricated from elemental copper-nickel powder blends.
The increase in copper causes a shift in pattern from nickel peak (dot-bar-dot) positions
towards copper peak (dotted line) positions.

formation of FCC crystal structure in the material. The increase in copper content was
evident by the shift in XRD peak patterns from the positions close nickel towards the
positions of copper [14].
Despite imposing strict inert atmosphere conditions (continuous argon purging)
during deposition and powder handling, the porosity in these deposits persisted. Much of
this porosity was noticed to be gas porosity (spherical pores). This porosity was suspected
to be the outcome of the entrapment of the oxygen gas evolved upon dissociation of nickel
oxide. It is known that nickel oxide has low thermal stability and dissociates at high
temperatures causing oxygen evolution. The high surface tension of nickel [15] and the
rapid cooling and solidiﬁcation phenomenon of laser metal deposition. Varying process
parameters to manipulate the melt pool characteristics and adding chromium to serve as
a gettering agent were identiﬁed as potential means for achieving porosity free deposits.
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Both of these approaches, when employed both separately and collectively, were incapable
of eliminating porosity. Therefore, a substitute for elemental nickel powder was deemed
necessary.
After an extensive search for suitable alloy additions and commercially available
options for gas atomized powders with high nickel content, Delero-22 alloy was identiﬁed
as a potential substitute for elemental nickel powder. The composition of the powder is
listed in Table 1, wherein the powder has a nickel composition equivalent to 96% in weight.
This alloy is traditionally used for thermal spray applications. The authors anticipated the
silicon and boron alloy additions to improve the ﬂuidity of nickel and also provide oxygen
gettering during deposition. Silicon is completely soluble in nickel (at current weight %
of silicon) but boron forms nickel boride [16, 17].The presence of these borides increases
the hardness and wear resistance of the alloy. While this composition of the alloy was
optimized for thermal spraying applications, its applicability for laser metal deposition had
yet to be investigated.
Blends of powder with elemental nickel and Delero-22 alloy were deposited to
assess the impact of silicon and boron towards porosity elimination. These deposits were
also expected to ﬁnd if a viable blend with higher (>96% wt.) nickel was possible. The
composition of the powder blends and the corresponding microstructure of the as-deposited
material are shown in Figure 5. These depositions were carried out in both argon and
nitrogen atmospheres, as literature [18] showed a signiﬁcant impact of shielding atmosphere
on porosity formation in laser welding of nickel alloys. With increasing silicon and boron
content, a signiﬁcant decrease in porosity was observed. Porosity persisted in the deposits
fabricated under both atmospheres. Low amounts of intermittent porosity were found in
blend 1 deposits as well (Figure 5).However, the material deposited using just Delero-22
alloys was near-fully dense. Therefore, this point onwards, Delero-22 alloy was used as the
source material for nickel in all powder feedstocks.
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From the images of microstructure in Figure 5, it is evident that by incorporating
Delero-22 alloy, the as-deposited material was no longer constituted by a single phase but a
dual phase material. The presence of nickel boride can be realized through the rise in mean
hardness values with increase in wt. % of Delero-22 (Figure 6). The nickel boride phase
was identiﬁed to be Ni3 B, after comparing the crystallographic data gathered from XRD
to existing literature (see Figure 7) [19]. With increasing weight % of boron, the boride
phase is expected to become more prominent and thereby cause an increase in hardness.
The large standard deviation in the micro-hardness values in Figure 6 can be attributed to
the wide diﬀerence in hardness of the nickel and nickel boride phases.
As porosity-free deposits were now feasible with Delero-22 alloy, diﬀerent blends
of copper-Delero-22 (composition listed in Figure 7)were mixed and deposited. A constant
power of 750W and a constant scan speed of 500 mm/min were used for deposition. The
XRD peak patterns gathered from these deposits are shown in Figure 7. Two phases, the
ﬁrst a copper-nickel solid solution (FCC crystal structure), and the second a nickel boride
(Ni3 B) phase were identiﬁed from the peak patterns. The FCC peak pattern was observed
to shift from nickel peak locations towards copper peak locations with increasing copper
content. Nickel boride phase was present within detection limits of XRD in deposits of
100, 75, and, 50% wt. Delero-22 alloy. The boride peaks were absent in the peak pattern
from the deposit with 25% wt. Delero-22 alloy.
Microhardness measurements were performed on the copper-Delero-22 deposits
using a Vickers hardness tester. The hardness data plotted against the as-blended copper
composition is shown in Figure 8. The mean hardness values were observed to decrease
with increasing copper content. The standard deviation was also observed to decrease with
increasing copper content. This could be attributed to the nickel boride phase becoming
less prominent.
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Figure 5. The as-blended composition of powder feedstocks and optical images of the
microstructures (as polished) of as-deposited (fabricated in Ar and N2 atmospheres) material
from respective blends. The porosity was noticed to substantially decrease with increasing
silicon and boron content under both atmospheres.
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Figure 6. The Vickers hardness values (10gm load) plotted against the weight percentage
of Delero-22(remaining elemental nickel powder) in the blend.

Figure 7. XRD peak patterns from as-deposited material made using blends of elemental
copper and Delero-22 alloy powders. The peaks in highlighted by the oval pertain to Ni3 B.
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Figure 8. Variation in hardness with increasing copper content.

Standard-less EDS analyses (point and line scan) were performed to quantify the
chemistry of the fabricated material. The as-blended compositions, as-blended copper
to nickel ratios and copper to nickel ratios in as-deposited material, obtained from EDS
analyses, are shown in Table 3. The amount of copper and nickel were approximately within
4% of weight from the as-blended compositions.
Table 3. The relative as-blended and as-deposited composition of copper, and, nickel in
%wt.

Blend
#
1
2
3

Delero-22
alloy
%wt.
75
50
25

Elem. Rel. Ni
Rel.
Rel.
Cu
%wt.
Cu %wt. Ni %wt.
%wt. blended blended deposited
25
74
26
77
50
49
51
46
75
24
76
20

Rel.
Cu %wt.
deposited
23
54
80

Line scan EDS analysis was performed across the phases to capture the presence
of nickel boride in the microstructure. Boron is a lower atomic number element and is not
easily detected by EDS analysis. However, it is known that the nickel boride phase will be
the last phase to solidify (interdendritic phase) due to its lower melting point. A line scan
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analysis across the boundary of the dendritic and interdendritic phases is shown in Figure
9 Nickel and copper are found to be homogeneously present in the dendritic phase. The
peaks of nickel and complimentary troughs of copper and silicon are representative of the
Ni3 B phase(matrix). Also, some amount of segregation of silicon can be noticed around
the Ni3 B matrix. However, within the dendritic phase, silicon appears to be homogeneously
distributed. Although the nickel boride peaks were absent in the XRD peak pattern of
25% Delero-22 deposit (see Figure 7), nickel boride was found to be present through EDS
analysis.

Figure 9. SEM image and the EDS line scan analysis data gathered across the dendritic
(copper-nickel solid solution) , matrix (Ni3 B) and dendritic phases on a 75% Delero-22
deposit. The peaks in nickel composition belong to Ni3 B phase.
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Upon the success of fabricating ﬂaw free copper-nickel deposits, the study was
expanded towards the fabrication and characterization of compositions equivalent to commercial copper/nickel alloys. The blend designations and their compositions are shown in
Table 4.
Table 4. The set of powder blends mixed to match commercially available copper-nickel
alloys.
Elem. Blend 1 Blend 2 Blend 3 Blend 4 Blend 5
Copper
0
10
30
50
70
Nickel
100
90
70
50
30

Copper and nickel have a positive enthalpy of mixing and issues of immiscibility
[20]. To absolutely ensure homogeneity within the deposit, the power parameters were altered from the preliminary studies. A pulse-width-modulated laser power was implemented
during these depositions. The peak power was set at 1kW, and, the operating frequency
was set to 250 Hz. The energy input was varied by changing the duty cycle. The ﬁrst 4
layers of each of the deposits were fabricated at a 1kW power and a 100% duty cycle. This
ensured a ﬂaw-free bonding between the deposit and the substrate. Over the course of the
next 4 layers, the power was brought down by gradually changing the duty cycle to 43%.
The remainder of the deposit was carried out at a constant duty cycle of 43%. The duty
cycle of 43%, was initially evaluated to be optimal for depositing all blends of powder. The
pulsed implementation oscillates the melt pool and is thereby expected to promote mixing.
The high power was expected to result in high cooling rates and also overcome the positive
enthalpy of mixing. These depositions were used to fabricate 40mm long and 6mm tall
thin-wall structures (single melt pool thickness). This implementation also facilitated the
successful fabrication of the required thin wall geometry.
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Optical microstructure images from the Figure 10, reveal a dendritic microstructure
in all the deposits. With increasing copper content, coarsening of dendrites can be observed
in the microstructure. This can be attributed to the increasing superheat in the melt pool.
As the copper content is increased the solidus/liquidus temperature decreases. By using
the same power parameters for all blends, excess heat input can be expected for the blends
with higher copper content. To study the impact of energy input, the scan speed was varied.
Scan speeds of 500mm/min and 600mm/min with the same power parameters were used
to fabricate the 5 blends of powder listed in Table 4. Secondary Dendrite Arm Spacing
(SDAS) was calculated to quantify the impact of process parameters on solidiﬁcation (see
Figure 11).
At constant power, lowering scan speed is expected to increase the energy density.
This would lead to an increase in superheat, and, consequently, a slower solidiﬁcation rate
can be expected. This is expected to be noticed by an increase in SDAS values. The mean
SDAS measurements in Figure 11 suggest slower cooling rates at lower scan speed. The
mean values drop with increasing scan speed, however, due to wide standard deviations,
no statistically signiﬁcant diﬀerence was found between the measurements at diﬀerent scan
speeds. The wide standard deviations can be attributed to anisotropy caused in thin-wall
deposits [21].
Miniature tensile specimens fabricated from the above deposits were tested to quantify their mechanical properties. A total of 8 specimens were cut per each blend and
parameter set. Therefore, a total of 80 specimens were prepared from the 5 blends and 2
parameter sets. These specimens were hand ground up to 600 grit to remove any surface
imperfections resulting from the EDM ﬁnish. Upon testing these 80 specimens, 73 valid
measurements were obtained. The data gathered from these tests was represented as box
and whisker plots as shown in Figure 12. Box and whisker plots are a convenient way of
graphically representing variability in data. The box represents the 1st and 3rd quartiles
of the data, the horizontal line in the box represents the median (2nd quartile), the ‘X’
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Figure 10. Optical micrographs of the as-deposited microstructure (etched using 70% vol.
nitric acid) using powder blends listed in Table 4. The dendritic phase in the micrographs
is the copper-nickel solid solution and the matrix is nickel boride.

mark represents the mean, and the vertical lines (whiskers) represent the minimum and
maximum values of the data. Like SDAS measurements, a wide variation was noticed
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Figure 11. Secondary dendrite arm spacing measurements with one standard deviation
error bars for all 5 blends under varying scan speed.

in the tensile property values as well. This variability can be attributed to the anisotropy
caused by the directional solidiﬁcation occurring during thin-wall fabrication. The gage
length of the tensile specimens was along the length of the deposits. It is possible that the
plane of maximum shear stress was aligned with the weaker sections of the material causing
early failure. However, the trends in median values of the property estimates agree with the
commercially available alloys. A rise in strength is seen with the increase in copper due
to solid solution strengthening. The ductility of the material was also noticed to improve
with the addition of copper. The variability in ultimate strength values seems to have been
inﬂuenced by the change in scan speed. Especially for the case of 70 and 90 %wt. nickel.
With slower scan speeds the variation in strength and ductility was seen to decrease.
The Fracture surface of the broken tensile samples was examined to identify the
failure mechanism of the diﬀerent compositions. SEM micrographs of the fracture surfaces
are shown in Figure 13. These images indicate a change in fracture mechanism from
transgranular to ductile with an increase in copper content. This suggests the material
changes from brittle to ductile upon addition of copper. This change is also supported by
the increasing values of maximum strain obtained from tensile testing.

28

Figure 12. Box plot charts of mechanical properties gathered from miniature tensile testing.
The mean (X) and median (-) values indicate a rise in ductility and drop in strength with
increasing copper.
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Figure 13. The fracture surfaces of miniature tensile samples made from blends listed in
Table 4.
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4. CONCLUSIONS
The current study involved testing the feasibility of fabricating copper-nickel alloys
from blended powders. Elemental sources and sources with high percentage content of
nickel were used as the precursor materials for the study. The main conclusions from the
study were
• Depositing blends of elemental copper and elemental nickel powders produced solid
solutions of copper-nickel alloys. This was corroborated by the XRD and metallography
• Deposits made from elemental nickel contained a signiﬁcant amount of porosity. The
porosity was constituted by gas (spherical pores) and shrinkage (irregular) pores
• Porosity was not avoidable by changing process parameters or adding chromium for
gettering purposes
• Delero-22, a nickel-rich alloy was found to be a viable replacement for the elemental
nickel powder. The silicon and boron alloy additions improved the ﬂuidity and
resulted in a substantial removal of porosity
• Unlike the material made from elemental blends, deposits made from elemental
copper and Delero-22 alloy blends had two phases. This observation was corroborated
by, XRD, metallography, and hardness testing. The microstructure was found to be
made up of the copper-nickel solid solution and Ni3 B phases
• Blends of elemental copper and Delero-22 alloy were prepared to match commercially
available copper-nickel alloys. Thin wall deposits made from these blends were
sectioned to prepare miniature tensile samples.
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• Homogenous microstructure was obtained in deposits made from all blends of copperDelero-22 alloys. Solid solution strengthening was observed with increasing copper.
Ductility was also observed with an increase in copper content
• The fracture mechanism changed from transgranular to ductile fracture with the
addition of copper. This implies a change in material from being brittle to ductile
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ABSTRACT
In this study, pulse width modulation of laser power was identiﬁed as a feasible
means for varying chemical gradient in copper-nickel graded materials. Graded material
deposits of 70%wt. copper-30%wt. nickel on 100%wt. nickel and vice versa were deposited
and characterized. The 70/30 copper-nickel wt. ratio in the feedstock powder was achieved
through blending elemental copper and Delero-22 alloy. At the dissimilar material interface
over the course of 4 layers, the duty cycle of power was ramped down from a high value
to optimized deposition conditions. This change was theorized to inﬂuence the remelting
and deposition height and in extension vary the chemistry gradient. EDS analysis showed
signiﬁcant diﬀerences in the span and nature of chemistry gradient with varying duty cycle.
These observations were also supported by the variation in microhardness values across
the interface. The inﬂuence of diﬀerent chemistry gradients on tensile performance was
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observed through mini-tensile testing coupled with digital image correlation (DIC). The
strain ﬁelds from DIC analysis showed variations in strain for diﬀerent chemistry gradients.
The strength measurements from these specimens were also diﬀerent for diﬀerent chemistry
gradients. The site of failure was observed to always occur within the copper-rich region.
Keywords: Laser metal deposition; functionally graded materials; blended elemental powders; digital image correlation; miniature tensile testing; X-ray energy dispersive spectroscopy;

1. INTRODUCTION
Functionally Graded Materials (FGM), are monolithic inhomogeneous materials
whose anisotropy is tailored per designer’s deﬁnition. The concept of FGMs was ﬁrst
proposed by material scientists investigating novel means for fabricating thermal barrier
materials [1]. Spatially varying material properties or material composition can be used to
achieve such anisotropy. The design freedoms available through FGMs’ provide scope for
fabricating highly eﬃcient multifunction parts. Theorization and fundamental research has
been carried out to identify FGM systems for applications such as lightweight heat exchangers, rocket nozzles, long life bearings, high-performance turbine blades etc. [2, 3, 4, 5, 6].
Techniques such as plasma spraying [4], die compaction [7], powder metallurgy [8], slip
casting [9], and additive manufacturing [10, 11, 12, 13, 14, 15] have been shown to be
successful in fabricating FGMs’. While successful all of the above processes excluding
additive manufacturing possess limited scope for attaining ﬁne resolutions in grading material composition. Also, these techniques are often limited in their capability to fabricate
complicated geometries. Additive Manufacturing (AM) has been proven to be a versatile
and competent technique for fabricating complex geometries. The layer by layer build approach enables the feasibility for fabricating intricate and complicated shapes. Laser Metal
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Deposition is an AM technique, which involves blowing the feed material into the melt pool
while depositing in a layer by layer fashion. The localized delivery of the feed material in
LMD provides the unique opportunity of tailoring composition within a component.
Most of the existing literature involving FGMs’ and AM is limited to identifying
viable material systems. The choice of materials is often driven by the interest of aerospace
and automobile industry. Most of these chosen material compositions are primarily intended
for production processes such as casting, welding, rolling, machining, forming etc. and
are not customized for AM. Adding to that, incorporating such materials into FGMs’ often
leads to unforeseen situations. Compatibility from a metallurgical perspective though, i.e.
a phase diagram with no possible formation of intermetallic compounds doesn’t guarantee
structural integrity post fabrication [10]. Mostly, these FGMs are complicated due to the
issues of compatibility among the constituent elements [4, 10, 11, 12, 14, 16, 17]. In cases
where the main elements of the alloys are compatible, probable incompatibility among
the remaining alloying elements could potentially leave the FGM system susceptible to
ﬂaws and early failure. In FGMs’ the grading of the composition is intended to selectively
transition properties. The presence of alloying materials can also limit the minimum feasible
resolution possible during such composition grading. Control over grading is crucial, as
it can help alleviate stress issues arising from the diﬀerence in physical properties such as
thermal expansion coeﬃcient, crystal structure, lattice parameter etc. In LMD, the unique
opportunity for varying feedstock on the ﬂy makes it very appealing for fabrication of
FGMs’. This feature can be exploited to achieve a controlled gradient within FGM’s.
To create multifunctional, and multi-material components using LMD, planning
should be performed for geometry, composition, and, thermal history. A voxel-based
path plan, where each voxel represents the position, composition and the required process
parameters to achieve it needs to be generated in advance [2, 18].Particularly, in order to vary
the chemical composition within the part, the composition of the feedstock needs to be varied
during deposition. In LMD, this is typically achieved by swapping out powder as needed.
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Custom tailoring of compositions of pre-alloyed powders, to meet the grading requirements
is very expensive and often requires extensive infrastructure. The feasible and economical
alternative would be to incorporate blended powders into the deposition process. Premixing
of powders to required compositions [19, 20, 21, 22, 23, 24, 25] or mixing powder on-line
by using a multi-powder feed system [5]can be adopted to implement varying composition.
While blending powders creates the possibility for creating custom combinations, it is only
a viable option for making signiﬁcant changes to feedstock composition. Creating blended
feedstocks to produce grading at ﬁne levels of composition is counterproductive. Also,
demanding deposition of several blended powder feedstocks to produce a required grading
schema could substantially increase the volume of the graded material component.
In this study, the authors theorize varying laser parameters could be a potential
means to attaining control over grading at a ﬁner scale. The feasibility of using pulse width
modulation for manipulating laser power to achieve diﬀerent chemical gradients in LMD
is presented. This study was performed on copper-nickel FGMs’. The inﬂuence of varying
chemistry on hardness and tensile performance was also investigated.

2. MATERIALS AND METHODS
The LMD system used in the current study consisted of a 1kW ﬁber laser from IPG
Photonics. The operating wavelength of the laser was 1064nm. A spot size of 2mm was
used during deposition. Along with it, a custom built 3-axis CNC system was used for
facilitating motion during deposition. A Baystate model 1200 powder feeder was used for
feeding powder during deposition. A schematic drawing of the deposition system is shown
in Figure 1. An edge nozzle setup was used to the feed the powder into the melt pool.
Argon gas was used to transport the powder and also shield the deposition process from
oxidation. The graded material deposits were fabricated by making a pre-deposit of the ﬁrst
material as a thin-wall structure followed by the deposition of the second material also as a
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thin-wall structure on top of the pre-deposit. This lead to the grading of composition across
the height of the thin-wall deposit. The thin-wall structures were made to a single melt pool
thickness i.e. 2mm thick nominal.

Figure 1. A schematic representation of the LMD deposition process used in the study. The
gradient in the deposit illustrates grading within the deposit, the diﬀerent color in powder
particles is used to represent blended powder feedstock.
The graded material deposits in this study were made from -100/+325 mesh gas
atomized powders of elemental copper and Delero-22 alloy. The 99.9% pure copper
powder was procured from Oerlikon Metco and the Delero-22 powder was procured from
Kennametal Stellite. Delero-22 is a nickel-silicon-boron alloy. The composition of this
alloy is listed in Table 1. The boron and silicon in the alloy are expected to improve the
ﬂuidity of the material during deposition. At the current levels, silicon is completely soluble
in nickel. However, the boron reacts with nickel and produces nickel borides which improve
the hardness of the material. This alloy is primarily used for thermal spraying applications
however, it exhibits excellent compatibility with LMD. The compositions of the blended
feedstock powders used in the current study are shown in Table 2. These two compositions
were classiﬁed as nickel-rich and copper-rich with a relative nickel/copper weight ratio of
100/0 and 30/70 respectively. Hereon they will be referred to as 100/0 and 30/70.
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Table 1. The composition of Delero-22 alloy in weight percentage.
Element Silicon Boron
Weight %
2.5
1.4

Nickel
Balance

Table 2. Compositions of blended powder feedstocks used in the study.
Powder type Elemental Cu (%wt.) Delero-22 alloy (%wt.) Ni/Cu wt. ratio
Nickel-rich
0
100
100/0
Copper-rich
29.13
70.83
30/70

Graded material deposits from both nickel-rich (100/0) to copper-rich (30/70) and
copper-rich (30/70) to nickel-rich (100/0) compositions were performed and characterized
under the current study. All the depositions were carried out at a scan speed of 500mm/min
and a powder feed rate of 1.5 rev./min. Peak power of 1kW and a duty cycle of 43% at 500
Hz modulation frequency were used for all the deposits. These parameters were chosen
from a preliminary optimization study aimed at getting good quality single bead deposits of
Delero-22 alloy. A layer thickness of 0.15mm was used for path planning. These deposits
were performed on 50mmx12.5mmx6.35mm AISI 304 stainless steel substrates. In the case
every deposit, the ﬁrst material was deposited for 40 layers. This was done to ensure no
constituent elements from the substrate would interfere with the gradient under this study.
In a PWM implementation of laser power, varying duty cycle varies the total ontime of the laser. However, the peak power is held constant. Therefore varying the duty
cycle varies the net energy input during deposition. While the melt pool width/diameter is
expected to be relatively the same, varying duty cycle should vary the depths of the melt
pool. The width is expected to be the same since the power/beam intensity is the same for
all the duty cycles [26].This variation in melt pool dimensions was theorized to vary the
remelting between successive layers and the volume of material deposited in every layer. At
the dissimilar material interface, this variation in melt pool attributes is expected to achieve
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diﬀerent grading schemes. To investigate this hypothesis, three sets of depositions with
varying duty cycles were performed. The duty cycle was only varied in the initial 4 layers
of deposition at the dissimilar material interface.

Figure 2. Power and Duty Cycle (D.C.) values used in the initial 4 layers at the dissimilar
material interface while fabricating the copper-nickel FGM thin-wall deposits.
The D.C. variation shown in Figure 2 was used for both 100/0 on 30/70 and 30/70
on 100/0 deposits. These deposits were then sectioned and processed for various analyses. Longitudinal sections of these deposits were used for both chemistry and hardness
analysis. The chemical analysis was done through standard-less X-ray Energy Dispersive
Spectroscopy (EDS) on ASPEX-PICA 1020 SEM. The hardness testing was on a Struers
Duramin hardness testing machine.
These deposits were also sectioned for preparing miniature tensile test specimens
[25]. The dimensions of the specimens are shown in Figure 3. These specimens were cut
with the gage length along the grading direction. The specimens were tested at a constant
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crosshead speed of 0.6mm/min. These tensile tests were imaged to perform Digital Image
Correlation (DIC) analysis [25]. The DIC technique was used to estimate the evolution of the
strain ﬁeld on the miniature tensile specimens. This was used to realize the inhomogeneous
strain development in the FGMs’.

Figure 3. Dimensions of the miniature tensile test specimen; all the dimensions are in mm.

3. RESULTS AND DISCUSSION

3.1. DEPOSITION OF 100/0 AND 30/70 FEEDSTOCKS
Elemental copper has a very high thermal conductivity [27]. Also, it is highly
reﬂective at the wavelength of the current laser [28]. This makes melting of elemental
copper extremely challenging. However, in the current study, by blending copper and
Delero-22 deposition was achieved. The Delero-22 powder in the powder mixture absorbs
the laser to initiate and sustain the melt pool. This melt pool is then capable of melting
the elemental copper powder. Upon melting the copper mixes with nickel and the overall
reﬂectivity and thermal conductivity go down substantially while making the deposited
material viable for processing through LMD. However, these reﬂectivity issues have been
observed to impact the overall capture eﬃciency for the blended feedstocks. The 30/70
deposits were observed to be shorter in comparison to the 100/0 deposits. The same can be
seen from the machined deposits shown in Figure 4.
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Figure 4. Machined thin-wall deposits of solely nickel-rich 100/0 (left) and copper-rich
30/70 (right) with a signiﬁcant diﬀerence in overall height for the same 40 layers of deposition.

Transverse sections of these deposits were sectioned and polished for X-Ray Diﬀraction (XRD) analysis. The XRD peak patterns from the 100/0 and 30/70 deposits are shown
in Figure 5. In both cases, we see strong peaks of the copper-nickel FCC solid solution.
The inﬂuence of adding copper can be seen from the peak shit from nickel to copper peak
positions. Along with the FCC solid solution peaks, peaks corresponding to nickel boride
(Ni3 B) were also observed. However, these peaks were absent in the 30/70 peak pattern.
Although the peaks are absent we suspect the Ni3 B phase is probably below the detection
limits of the XRD analysis. Further microscopy and EDS analyses were performed to
investigate these claims.
Transverse cross sections of these deposits were cut, mount in Bakelite, ground,
polished and etched for optical microscopy. The etching was carried out using a mixture
of 60 ml HNO3 and 40 ml DI water. The optical microscopy images of both 100/0 and
30/70 are shown in Figure 5. From these microstructure images, a relatively ﬁner dendritic
microstructure is seen in 100/0 deposits when compared to 30/70 deposit. In both cases,
the microstructure is constituted of two phases. The dendritic phase is expected to be the
nickel-copper-silicon solid solution and the inter-dendritic phase is expected to be nickel
boride. Due to the lower melting point of nickel boride, it is expected to solidify last
and is therefore expected to be the inter-dendritic phase. The coarsening of dendrites in
the case of 30/70 could be attributed to the lower powder capture eﬃciency. Due to the
low capture eﬃciency most of the energy is expected to be absorbed by deposit, thereby
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Figure 5. Peak patterns of 100/0 and 30/70 from X-ray Diﬀraction analysis. The black
dotted line represents the peak pattern of elemental nickel and the copper-red dotted line
represents the peak pattern of elemental copper. The red arrows indicate the peak positions
of nickel boride phase (Ni3 B).

more remelting between successive layers is anticipated. However, validating these claims
was not feasible since there were no markers to identify layer boundaries in the 30/70
microstructure. Although a repetitive coarsened dendrite band pattern was observed in the
100/0 deposits. This pattern is expected to be a signature of the layer by layer deposition.
Similar microstructural features were reported in the dendritic microstructure of aluminum
deposits [29] and 17-4PH steel deposits [30].The formation of these coarsened dendrite
bands was attributed to remelting occurring between layers during LMD.
At relatively higher magniﬁcations, apart from the copper-nickel solid solution and
nickel boride phases, the third phase of inclusions was also observed. These inclusions were
suspected to be silica particles. These particles were mostly situated in the inter-dendritic
phase. A bright ﬁeld optical microscope image with Nomarski interference contrast is
shown in Figure 7. The dark phase in the image is suspected to be silica inclusions.
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Figure 6. Optical microscope images of (a) 100/0 nickel-rich deposit and (b)30/70 copperrich deposit (c) bands of coarsened dendrites on 100/0 deposits, suspected to be originating
from remelting during successive layer by layer deposition.

In order to validate the presence of the nickel boride as the inter-dendritic phase and
also investigate its presence in 30/70 deposit, standard-less EDS analysis was performed.
A line scan EDS analysis across the dendritic and inter-dendritic phases is shown in Figure
8. Boron is a lower atomic number element and is therefore not easily detectable using the
SEM. However, the presence of this phase was realized through the variation in coppernickel content across the phases. The complimentary rise and drops seen in the counts of
copper and nickel are attributed to the absence of copper and the presence of nickel boride
as the inter-dendritic phase. EDS analysis also revealed as-deposited compositions within
4%wt. diﬀerence from as-blended compositions.
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Figure 7. Optical microscope image of 100/0 nickel-rich deposit taken using Nomarski
interference contrast. The elevated inter-dendritic phase is nickel boride whereas the dendritic phase is the nickel phase. The dark phase particles (annotated by the red arrows) are
suspected to be silica inclusions.

3.2. DISSIMILAR GRADED MATERIAL DEPOSITION
FGM deposits of 100/0 over 30/70 and vice versa were deposited on the AISI 304
substrates. In each case the ﬁrst material was deposited for 40 layers, then the powder was
swapped out to deposit the second material. At the dissimilar material interface, the duty
cycle of power was ramped down from a higher value to optimized conditions. This ramp
down was performed as three sets (see Figure 2) and was repeated for 100/0 on 30/70 and
30/70 on 100/0.
Typically before starting deposition, preheating is performed by running the laser
without powder. This is intended to reduce the temperature gradient during the actual
deposition. This aids in attaining good bonding with the substrate and is, therefore, good
practice in situations where this bond is of signiﬁcance. In this study this preheat scan was
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Figure 8. EDS line scan analysis across the dendritic and inter-dendritic phases on an
as-polished 30/70 deposit. The complimentary rise and drop in copper and nickel counts
are indicative of the presence of nickel boride as the inter-dendritic phase.
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not performed, starting deposition with the optimized conditions might lead to insuﬃcient
bonding or ﬂawed start in a deposition. However, starting at a higher duty cycle enables
one to lower the temperature gradient and attain a ﬂaw-free start. Although, the higher duty
cycle could produce larger melt pools and diﬀerent volumes deposited material. In this
study, this phenomenon was leveraged to alter grading in the deposited material. At the
dissimilar material interface, diﬀerent starting values of duty cycles were theorized to create
diﬀerences in dilution and therefore diﬀerences in the grading schemes were expected. A
graded material deposit of 30/70 on 100/0 with the set 3 (see Figure 2) duty cycle ramp
down is shown in Figure 9.

Figure 9. Copper-nickel FGM deposit fabricated with 100/0 as the pre-deposit and 30/70
as the second deposit. Set 3 duty cycle ramp down parameter were used at the dissimilar
material interface.
In order to realize the chemical gradient, transverse and longitudinal sections of these
deposits were prepared for optical microscopy, hardness testing, and EDS analysis. The
initiation of grading i.e. the dissimilar material interface was optically distinguishable due
to the diﬀerence in reﬂectivity of polished surfaces. This diﬀerence was also apparent from
oxide scale, a clear demarcation between the two dissimilar materials was observed when
cut using a wire-EDM. The transition in microstructure can be seen from Figure 10. A clear
transition in the microstructure, from relatively ﬁner two-phase dendritic microstructure to
a coarser two-phase microstructure, can be seen.
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Figure 10. Optical microscope image of the dissimilar material interface on a graded
material deposit fabricated by depositing 30/70 on 100/0 using the set 1 (see Figure 2) duty
cycle ramp down.

Line scan EDS analysis was performed to realize the variation in chemistry across
the height of the deposit. The nickel, copper and silicon content was monitored to realize
the trend and nature of grading. The line scan plots are shown in Figure 11 and Figure 12.
The x-axis of these plots traverses along the height from the pre-deposit on the left to the
second deposit in the right on the axis.
The diﬀerences in the chemistry gradient with changing duty cycle and deposition
combinations are apparent from Figure 11 and Figure 12. From Figure 11, from set 1 to set
3, the transition length was observed to increase and intermediate steps were also observed
to occur. From set 2 to set 3 the length of this intermediate step was also seen to increase.
On the other hand, from Figure 12, the length of the transition region was observed to
decrease. Similar to the scans in Figure 11, intermediate steps in composition were also
seen in the plots in Figure 12. However, these steps were noticed to decrease in length and

49

Figure 11. EDS line scan analyses across dissimilar graded material interfaces for the three
sets, (a) set 1, (b) set2 and (c) set 3, of duty cycle ramp downs (see Figure 2) when 100/0
nickel-rich deposit was fabricated on 30/70 copper-rich pre-deposit.
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Figure 12. EDS line scan analyses across dissimilar graded material interfaces for the three
sets, (a) set 1, (b) set2 and (c) set 3, of duty cycle ramp downs (see Figure 2) when 30/70
copper-rich deposit was fabricated on 100/0 nickel-rich pre-deposit.
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disappear with increasing duty cycle. Also in all of the above line scans complimentary
rise/drop can be seen in copper and nickel count signals, this is attributed to the presence
of the nickel boride phase. This behavior is similar to the observations from the EDS line
scan shown in Figure 8.
In order to better realize the diﬀerences among these deposits, the length of the
chemical gradient from Figure 11 and Figure 12 was measured and plotted in Figure 13.
In the case of 30/70 to 100/0 deposition, from set 1 to set 3, the length of the transition
was observed to increase monotonically. From set 1 to set 3, this length was observed to
more than double with increasing duty cycle. Whereas for 100/0 to 30/70 the length of the
chemistry transition was observed to decrease. However, these values were still larger than
the largest transition length seen in the case of 100/0 on 30/70 deposits. The scale of the
drop in transition length was also not as substantial.

Figure 13. Length of the chemical gradient for the diﬀerent cases of graded material
deposition as measured from Figure 11 and Figure 12.
From set 1 to set 3, the initial values of the duty cycle were increased. This increase
results in increasing energy input during deposition of the initial layers. This higher energy
is expected to result in a larger melt pool depth and deposited volume. However, due to
the ramp down of the duty cycle in successive layers, the remelting is expected to decrease
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as the deposition progresses. This diﬀerence in remelting depth was theorized to create a
gradual and tailorable gradient. Although, if the ramp down of the duty cycle is insuﬃcient,
the remelting could be signiﬁcant enough to rewrite the gradient established in the previous
layer. This phenomenon is better explained in the schematic diagram shown in Figure 14.
This gradient is also be expected to be inﬂuenced by the amount of newly deposited material
end of every layer. Therefore the diﬀerences in capture eﬃciency of the 100/0 and 30/70
blended powder are expected to give diﬀerent outcomes. From the line scan data in Figure
11, the occurrence of the intermediate step in transition in set 2 and set 3 implies gradient
was preserved across successive layers of deposition. With increasing duty cycle more
dilution in seen from the pre-deposit. However, the gradient is retained across layers. In the
case of 30/70 on 100/0, Figure 12, with increasing duty cycle the remelting is expected to
increase and the gradient was completely changed between successive layers of deposition.
This diﬀerence is suspected to be a consequence of the diﬀerence in capture eﬃciency of
the feedstock powders. To conclude, varying the duty cycle is a viable means for producing
diﬀerent chemistry gradients in this dissimilar graded material system.
In order to assess the inﬂuence of varying transition length on mechanical properties,
hardness testing and tensile testing were performed. The hardness testing was performed
on a Struers Duramin hardness tester. A load of 200gm and a dwell time of 5 seconds were
used for measuring hardness. A series of indentations were performed along the height of
the deposit to track the hardness variation with the changing chemistry of the deposit. The
hardness data from the deposits is shown in Figure 15. The interface shown in Figure 10
was positioned as the center for the hardness analysis. The 30/70 deposits were observed
to have to a signiﬁcantly lower hardness in comparison to the 100/0 deposits. This steep
diﬀerence can be used to realize the variation in chemistry. The drop/rise in hardness along
the chemical gradient was observed to correlate well with the transition lengths measured
from EDS analysis. The longest transition lengths as measured from EDS, i.e., set 1 for
100/0 to 30/70 and set 3 for 30/70 to 100/0 showed a very gradual change in hardness. The
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Figure 14. Schematic diagram of transverse sections of FGM deposits detailing the inﬂuence
of remelting on the gradient development during dissimilar material deposition.

shortest transition lengths as measured from the EDS analysis, i.e., set 3 for 100/0 to 30/70
and set 1 for 30/70 to 100/0 showed a relatively steep change in hardness. Typically the
hardness values are expected to correlate with the tensile strength properties. Assuming
this holds in the current case, the 30/70 composition would be signiﬁcantly weaker in
comparison to the 100/0. The variation observed in the case of hardness can also be
expected in the tensile properties. As seen from the hardness values with increasing copper
content the strength should be decreasing. Due to the signiﬁcant diﬀerences in strength, the
failure should always occur in the 30/70 portion of the graded material. The deformation
in the tensile specimens should also vary with composition. To investigate these claims
tensile testing of miniature specimens coupled with DIC analysis was performed. These
miniature tensile specimens were prepared with the interface seen in Figure 10 located at
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approximately the center of the gage length. The gage length of these specimens was only
3mm so, it was possible that the entire transition length was not located within the gage
length. This approach was adopted as it was easy to visually identify the interface. This
enabled a reliable and repeatable method of locating the interface and preparing tensile
specimens.
Since the diﬀerence in the transition lengths was signiﬁcant for set 1 and set 3 duty
cycle ramp downs for both 100/0 on 30/70 and 30/70 deposits, miniature tensile specimens
were cut and tested from these deposits. The interface was located at the center for the
gage length for all the specimens. The specimens were tested at a constant crosshead speed
of 0.6mm/min. The tensile tests were video recorded with the camera oriented to capture
the front view of the tensile testing. These videos were processed for DIC analysis and
strain ﬁeld estimation. A speckle pattern was necessary to create suﬃcient contrast for
DIC analysis. The required speckled pattern was applied to all the specimens before tensile
testing. The DIC estimated strain ﬁelds during the tensile testing post initiation of necking
is shown in Figure 16.
From the strain ﬁelds shown in Figure 16, the inhomogeneity in strain along the gage
length is recognizable. As anticipated from the hardness data, the failure was pushed into
the weaker copper-containing region. Majority of the plastic deformation was limited to
the portion of the gage length that was containing copper. Minimum to no deformation was
observed in the 100/0 side of the deposit. The steep change in the strain ﬁeld along the gage
length is expected to be indicative of the start of the chemistry gradient. The site of failure
was expected to diﬀer depending on the length of the transition region and position of the
start of the interface within the gage length. Among all of the specimens tested, the failure
was always noticed to occur within the copper contained region. The exact chemistry at the
site of failure initiation was diﬃcult to pinpoint due to the inclined nature of the fracture
site.

55

Figure 15. Variation in Vickers hardness values (HV0.2) along the height of the graded
material deposits. (a ), (c), and (e) are the hardness plots on set 1, set 2 and set 3 deposits
of 100/0 on 30/70 respectively. (b), (d), and (f) are the are the hardness plots of set 1, set 2
and set 3 depositions of 30/70 on 100/0 respectively.

The strength and ductility values of tested specimens are shown in Figure 17. Since
the start of the interface was located at the middle of the gage length, the transition region
doesn’t necessarily end within the gage length. The length of the transition region was
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Figure 16. Strain ﬁelds calculated from gage length elongation values calculated from DIC
analysis for (a) Set 1 100/0 on 30/70, (b) Set 1 30/70 on 100/70, (c) Set 3 100/0 on 30/70
and, (d) Set 3 30/70 on 100/0 deposits.

larger in the 30/70 on 100/0 deposits in comparison to 100/0 on 30/70 deposits. This
implies a lower copper content in the 30/70 100/0 tensile specimens. This is reﬂected from
the ultimate strength values. Lower copper content in these deposits is expected to have
yield higher strengths.
While the diﬀerence in strengths pointed to chemistry diﬀerences, the inﬂuence of
duty cycle wasn’t as anticipated. For a given combination of pre-deposit and deposit, the
change in transition length did not correlate with the strength variation. In both the cases,
with increasing duty cycle the strength was seen to drop. Previously, silica inclusions were
observed within the deposit (see Figure 7). With increasing the duty cycle, the population
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Figure 17. Box and whisker plots of (a) 0.2% Oﬀset yield strength, (b) Ultimate tensile
strength and (c) strain at break from crosshead displacement for the miniature tensile
specimens prepared from deposits of diﬀerent combinations. The box spans the 25th and
75th quartile, the vertical lines indicate the range between the minimum and maximum
values, and the horizontal line indicates the median value.

Figure 18. Silica inclusion on the fracture surface of a tensile specimen prepared from Set
3 30/70 on 100/0 deposit.
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and size of these inclusions could be inﬂuenced. This could be leading to the drop in strength
as seen in both combinations of pre-deposit and deposit material. To validate these claims
fracture surfaces of broken tensile samples were investigated. A backscattered electron
image of the fracture surface is shown in Figure 18. From the fracture surface, an inclusion
situated inside the material can be clearly seen. Dimples probably originating from voids
nucleated due to the presence of inclusions can also be seen. Presence of such inclusions
within the material can lead to early micro-void nucleation and coalescence leading to early
failures. In order to further assess the development of the inhomogeneous strain distribution,
the strain measurements along the center line of the gage length at diﬀerent strain values
were charted. These trends in strain can be seen in Figures 19 to22.

Figure 19. Strain values calculated along the center-line of the gage length of miniature
tensile specimens cut from deposits of Set 1 duty cycle for 100/0 on 30/70.
From Figure 19 to 22, the variation and evolution of strain along the center line of
the gage length can be observed. The distinction between the nickel-rich and copper-rich
sections of the gage length is obvious from the signiﬁcant diﬀerence in strain values along
the center line. At relatively low values of overall strain such as 5% cross head strain, a
gradual rise in strain from the inﬂection point can be observed. However, as the overall strain

59

Figure 20. Strain values calculated along the center-line of the gage length of miniature
tensile specimens cut from deposits of Set 1 duty cycle for 30/70 on 100/0.

Figure 21. Strain values calculated along the center-line of the gage length of miniature
tensile specimens cut from deposits of Set 3 duty cycle for 100/0 on 30/70.
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Figure 22. Strain values calculated along the center-line of the gage length of miniature
tensile specimens cut from deposits of Set 3 duty cycle for 30/70 on 100/0.

increases, the initiation of localized strain was seen. This was observed to always occur
within the copper-rich side of the specimens and away from the interface. This suggests to
good bonding between the deposit and pre-deposit in all cases of deposition. This is also
indicative of failure within the copper-rich side and not the interface of the deposit.

4. CONCLUSIONS
• Utilizing pulsed width modulation to vary laser power was identiﬁed as a viable
means for manipulating the chemical gradient in a graded material
• Varying duty cycle and deposition sequence was shown to signiﬁcantly alter the
chemical gradient, in some cases, the length of the gradient was observed to more
than double
• The inﬂuence of varying duty cycle was characterized and validated through EDS
analysis
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• The varying chemistry was shown to produce a diﬀerence in Vickers hardness and
tensile performance
• Strain ﬁeld estimation using DIC during tensile testing revealed localization of strain
to only the copper-containing area of the gage length
• Within the copper-containing portion of gage length, a gradient in strain was also
observed
• From the strain ﬁeld analysis, the failure was believed to occur away from the dissimilar material interface
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ABSTRACT
Laser Metal Deposition (LMD) of aluminum and its alloys is challenging due to their
high reﬂectivity and thermal conductivity. However, Al4047, an aluminum-silicon alloy
was found to be viable for LMD due to the low reﬂectivity and increased absorbance caused
by the presence of silicon. Leveraging remelting, Al4047 was deposited on unworkable
alloys such as Al2024 and Al6061. While feasible, deposition of Al4047 on these alloys
was found to be unreliable. At room temperature, a large amount of energy input was found
to be necessary for initiating deposition. Reliability of deposition initiation was also found
to be questionable, issues of balling were found to hinder successful deposition. Preheating
substrate to a temperature of 200o C was found to be a solution to these issues. Preheating
the substrate improved the reliability of deposition initiation and also reduced the amount
of energy needed for deposition. A contrast between the outcomes from depositing at
room temperature and 200o C was performed through SEM, EDS, hardness and mini-tensile
testing. Deposits from both conditions yielded good bonding with the substrate. Analysis
of microstructure revealed diﬀerent transitions between substrate and deposit for diﬀerent
temperatures. Small vertical cracks were observed across the substrate-part interface. These
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were suspected to be a consequence of the thermal stresses during deposition. Failure during
tensile testing occurred within the deposit indicating a strong bond between the deposit and
the substrate.
Keywords: Additive manufacturing; aluminum alloys; cooling rates; dissimilar alloys;
graded materials; mini-tensile testing

1. INTRODUCTION
Laser Metal Deposition (LMD) is a type of Additive Manufacturing (AM) process
that is capable of processing metals and alloys in powder form with the aid of high energy
sources such as lasers and electron beams [1]. The high energy source creates a molten
pool of material on a substrate. Powder particles that are transported by a gas stream
are then injected into this melt pool. This leads to the melting and deposition of the
powder material onto the substrate [2]. This process is repeated in a layer by layer manner
where every newly deposited layer melts and metallurgically bonds with its predecessor [3].
Leveraging the motion systems in an LMD system, complex tool paths can be implemented
for deposition. This facilitates the fabrication of complex and intricate geometries. The
unique ability to deliver both the material and the energy to speciﬁc locations of need has
also made LMD systems viable repair solutions. This paper focuses on this deposition and
repair capability of LMD systems in an eﬀort to widen their applicability to alloy systems
previously considered unsuitable.
LMD systems have existed for over a decade and have achieved signiﬁcant success in
processing iron, titanium, and nickel-based alloys, and even some metal matrix composites.
Their ability to process aluminum alloys though has been limited by aluminum’s high
reﬂectivity to commonly available wavelengths of incident laser light [4]. To overcome
this issue, researchers have proposed solutions that use lower wavelength lasers, or use
a higher energy input that in turn increases the energy absorbed by the material [5, 6].
They are actively trying to understand and quantify the energy densities associated with
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diﬀerent process parameters when processing aluminum alloys [7].Some researchers have
even promoted powder-bed systems over LMD systems owing to their diﬀerent absorption
and reﬂectivity characteristics and in some cases have even developed hybrid processes
[8, 9, 10, 11, 12]. Others have tried to use pulsed lasers to ablate small volumes of material
on the surface of a substrate, which again allows for the greater absorption as compared to
a ﬂat aluminum substrate [13, 14, 15, 16].
Aluminum alloys have always found favor in applications that have demanded high
strength to weight ratios [17]. Their lower densities make them ideal for aerospace and
other applications that prize weight savings while still exhibiting exceptional strength.
Some aluminum alloys are even being looked at as replacements for steel. Owing to their
favorable properties, they have been employed in the manufacture of a large number of
aerospace components which today require repair and refurbishment. While replacement
of the component is viable in some scenarios, it is an expensive solution. In other cases,
even the supply chain needed to repair these legacy components have long been shut down.
In order to address this knowledge shortfall, organizations like the United States Navy are
trying to develop novel solutions with the capability to additively manufacture and repair
these legacy components. The research presented in this paper is a step in this direction
and provides a process solution that can be adopted and implemented in existing LMD
systems to address this need. An additional beneﬁt of this research would be the ability
to add features to pre-cast parts which would bridge the ﬂexibility of LMD systems to the
favorable economics of conventional manufacturing.

2. RATIONALE
Al4047 is an aluminum-silicon alloy with 11-13 %wt. in silicon. This alloy is
primarily used in welding applications. Particularly it is used as a ﬁller material for welding
Al6061 alloy. The feasibility for depositing Al4047 using LMD systems has previously
been demonstrated [18, 19]. The silicon in the alloy is expected to lower the reﬂectivity.
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Since in LMD, the feedstock is used in powder form, a higher absorption is also expected
due to the large surface area of the powder. Both these attributes make this alloy viable
for LMD applications. This alloy can thereby be used to add features and repair existing
components made from reﬂective aluminum alloys.

Figure 1. Deposition of Al4047 on Al2024 through sintering followed by remelting [19].
Al2024 is a highly reﬂective alloy. Most solid-state lasers, especially the ones in the
infrared spectrum cannot easily process such an alloy [20].However, through sintering and
then remelting Al4047 on the surface of the Al2024 substrate, successful bonding between
the two has been demonstrated [19]. A schematic representation of their deposition strategy
is shown in Figure 1. While feasible, this approach has been identiﬁed to be less reliable
at room temperature. In this approach, the successful initiation and sustenance of the
melt pool during LMD is dependent on the successful sintering of Al4047 powder. The
high thermal conductivity of the aluminum alloys makes it challenging to sinter Al4047
powder on the substrate. Inconsistent amounts of sintering have been identiﬁed to lead to
balling and thereby failing in a deposition. The outcome from 4 replications of 8 layer
deposition of Al4047 on Al2024 is shown in Figure 2. While identical process parameters
were used for these depositions, a widely varied outcome was noticed. This diﬀerence in
deposition quality was attributed to varying amounts of success achieved at the ﬁrst layer of
the deposition. Without special measures to favor reliable sintering, the deposition initiation
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can be challenging. Also, successful bonding with the substrate is dependent on producing
melt pools with suﬃcient depth to penetrate the sintered powder and the substrate. Large
amounts of energy input are necessary to produce the melt pool of required depth.
Substrate preheating was theorized to be an eﬀective means to enable successful
sintering in the ﬁrst layer of deposition. The higher substrate temperature is also expected to
lower the temperature gradient and thereby minimize the conduction losses. This is expected
to increase in the success rate of deposition. The following work is aimed at assessing the
validity of these claims. The inﬂuence of increasing the substrate temperature will be
assessed through a comparative study between depositions performed at room temperature
and elevated substrate temperature.

Figure 2. Top view of 4 replications of 8 layer deposits of Al4047 on an Al2024 substrate.
Power of 1kW and 150mm/min scan speed were used for all deposits.

3. EXPERIMENTAL SETUP
The experimental setup employed in this research includes a ﬁber laser from IPG
Photonics, which has a peak power of 1kW, an operating wavelength of 1064nm, and a spot
size of approximately 2mm in diameter. Diﬀerent energy inputs during deposition were
implemented through pulse width modulation. To change energy input, the peak power was
kept constant and the duty cycle was varied. A schematic diagram illustrating the setup of
the LMD system used in this study is shown in Figure 3. The motion during deposition
was facilitated through a custom fabricated CNC motion stage. The powder was fed using
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an edge nozzle as shown in Figure 2. A Baystate model 1200 powder feeder was used to
deliver powder for deposition. The powder used for deposition was -100/+325 mesh, gas
atomized Al4047 powder acquired from Valimet Inc.

Figure 3. Schematic layout of the deposition system used in the current study. TC is the
thermocouple used to read the temperature on the deposition surface of the substrate.
Bar stock pieces of 4”x1”x1” cross section were used for deposition. These substrates were prepared from commercially procured Al2024 and Al6061 alloy. In order to
preheat the substrate before and during deposition, a closed loop heating setup was incorporated into the deposition system. The temperature on the top surface of the substrate
was tracked to maintain the required preheat temperature. With the increase in preheat
temperature, the ease in deposition initiation was also seen to increase. While preheating
4”x1”x1” pieces of bar stock is not particularly challenging, implementing preheat on large
and existing components can be challenging. This challenge only increases with increase
in preheat temperature. A preliminary optimization based on deposition success and visual
inspection was performed to identify the deposition parameters. The optimized parameters
used for the study are shown in Table 1.
An FEI Helios NanoLab 600 FIB/FESEM with an Oxford energy dispersive spectrometer was used to estimate the chemical composition. A HIROX optical microscope
was also employed for microstructural imaging. The variation in mechanical properties
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Table 1. Optimized process parameters employed in the experimentation.

Scan
Substrate
Power Duty
speed
temperature (K) (kW) Cycle (%)
(mm/min)
300
473

1
1

100
43

150
450

Input energy
density
(Power/Scan speed)
(MJ/m)
0.4
0.057

was realized through Vickers microhardness testing. An Instron universal testing machine,
customized for miniature tensile testing was used to characterize deposit-substrate interfacial bond strength. The deposits were sliced to 1mm thicknesses and miniature tensile
specimens were cut across the substrate deposit interface. These specimens were tested to
evaluate the bond integrity between the deposit and the substrate. The dimensions of the
mini-tensile specimen and locations of specimens cut on deposit performed on Al2024 at
room temperature are shown in Figure 4. A Hansvedt DS-2 wire-EDM was used to machine
the mini-tensile specimens.

4. RESULTS AND DISCUSSION
Incorporating substrate preheating into deposition signiﬁcantly improved the deposition success rate and quality. At room temperature, large amounts of energy input,
1kW peak power at 100 % duty cycle and a slow scan speed of 150mm/min were necessary to perform deposition on both Al2024 and Al6061 alloys. A large amount of energy
input was necessary to account for the low absorption and high thermal conductivity of
both the alloys. Through preheating the substrate the thermal gradient was to be lowered
and thereby the conduction losses were expected to be minimized. Also, the increase in
substrate temperature was expected to favor sintering of Al4047 powder during the initial
layers of deposition. The improvement in deposition quality with substrate preheating can
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Figure 4. Dimensions of the miniature tensile specimen in mm (top). A 1mm thick longitudinal slices of Al4047 deposit on Al2024 substrate performed at room temperature and
locations along the deposit-substrate interface from which specimens have been prepared.

be seen in Figure 5. While the improvement in deposit quality and ease of deposition were
apparent, the inﬂuence on the constitution of the deposit-substrate interface and deposit
needed investigation.

Figure 5. 2inch long deposit of Al4047 on an Al6061 substrate at room temperature (left)
and 1inch long deposit of Al4047 on an Al6061 substrate preheated to 473K (right).
In order to assess the quality of the bond between the substrate and the deposit,
transverse cross-sections of the deposits were prepared. These sections were mounted
in Bakelite, ground and polished to visualize the interface between the two. The last
stage of polishing was using 0.05micron colloidal silica. The presence of silicon in the
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deposit provides a natural contrast and the specimens can be examined in the as-polished
condition. In the case of both the alloys, there is a stark diﬀerence between the interfaces
of deposits made with and without preheating. In the room temperature deposition case,
for both the alloys, the start of the deposit can be seen through a very sharp transition in
the microstructure. However, in the case with preheat, the transition in microstructure is
comparatively more gradual. In LMD, during the deposition of dissimilar alloys, at the
interface between the two alloys, there is a transition in chemistry from the former alloy to
the latter. This transition is referred to as the dilution zone. From the microstructure images
in Figure 6, the diﬀerent substrate temperatures during deposition seem to have inﬂuenced
the constitution of this dilution zone.
It is to be noted that diﬀerent power and scan speeds were used for the deposits
at diﬀerent substrate temperatures. This diﬀerence in process parameters is known to
inﬂuence the size and shape of the melt pool. In the case of the deposition at room
temperature, intentionally large amounts of energy were supplied for the deposition. This
amount of energy input is expected to have created deep melt pools and large deposition
volumes in each layer. Therefore the transition in the microstructure is suspected to be
steep. Whereas in the case of the preheated substrate, a lower energy input and faster scan
speed have been employed. This is expected to produce a shallower melt pool and a small
deposition volume end of each layer. This is presumed to have created a comparatively
more gradual transition at the interface.
For the most part, the above-discussed deposits were found to have minimal ﬂaws.
Sporadic porosity both irregular (possible lack of fusion or cold shut) and spherical (gas
porosity) in shape can be observed in them. Possible micro-cracks have also been observed.
Particularly in the deposit made on an Al6061 substrate with preheating. From Figure 6(d),
thin cracks originating from the interface into the substrate can be observed. The vertical

74

Figure 6. Stitched optical microscope images of microstructure gathered at the interfaces
of deposits of all conditions. The substrate to deposit progression from left to right.(a).
Al4047 on an Al2024 substrate at room temperature (b). Al4047 on an Al2024 substrate
preheated to 473K (c). Al4047 on an Al6061 substrate at room temperature (d). Al4047 on
an Al6061 substrate preheated to 473K.
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nature of these cracks suggests these could be due to residual stresses generated during
deposition. The steep thermal gradient inherent to LMD can create large residual stresses
which can lead to crack formation and propagation.
In order to validate the above-shown transition in microstructure was actually the
transition in chemistry, EDS line scans were performed across the interfaces of deposits for
all conditions. The variation in aluminum and silicon contents was tracked to pinpoint the
start of the deposit and end of the substrate. The transition in microstructure was observed
to correlate with the change in chemistry observed in the EDS line scans. Data from a
line scan performed across the interface of an Al4047 deposit on an Al2024 substrate with
preheating is shown in Figure 7. The transition from substrate to deposit can be realized
by the rise in the intensity of the silicon signal. The alternating silicon and aluminum
signals are a characteristic feature of the Al4047 microstructure. Al4047 is a hypo-eutectic
alloy. The microstructure is constituted of primary Îś-aluminum as dendrites and eutectic
(alternating Îś-aluminum and silicon) microstructure. The same can be realized of the EDS
map shown in Figure 8. The blank spots in the silicon color map correspond to the presence
of primary Îś-aluminum.

Figure 7. Secondary electron image with a false color overlay of EDS area map showing
the silicon (yellow) and aluminum (blue) in the microstructure of Al4047 deposit.
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Figure 8. EDS line scan data gathered across the interface of an Al4047 deposit on an
Al2024 substrate with substrate preheat. The rise in counts of silicon indicates the start of
the deposit.

From the microstructure images in Figure6, diﬀerences in the overall dendrite morphology can be clearly observed. This diﬀerence is suspected to be a consequence of
diﬀerent substrate temperatures and composition. Also, bands of dendrites possibly correlating with the deposited layers can also be observed. The inﬂuence of diﬀerent substrates
and preheat temperatures was evaluated through the estimation of the average cooling rate.
The Secondary Dendrite Arm Spacing (SDAS) in the Al4047 deposits was measured and
analyzed to estimate average cooling rate [18]. These measurements were performed within
the deposit in locations near and suﬃciently far from the substrate. The 95% conﬁdence
intervals of measured SDAS values and calculated cooling rate values are shown in Figure
9. From these values, with increase in substrate temperature the cooling rate at the top
of the Al4047 deposit (locations suﬃciently far from the substrate where its inﬂuence can
be ignored) for the Al2024 substrate is expected to decrease. Whereas for the case of
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Al6061 no signiﬁcant change was observed. However, for the case of preheated Al6061,
the improved deposition eﬃciency and lowered energy input seem to have resulted in a signiﬁcant increase in cooling rate. This diﬀerence from Al2024 is suspected to be due to the
diﬀerences between thermal absorption and conductivity between the two alloys. Al6061
has a higher thermal conductivity than Al2024 alloy and could have therefore resulted in
a higher cooling rate. This high cooling rate in Al6061 could be the reason for the cracks
seen in Figure 6(d). This warrants further optimization of process parameters to eliminate
issues of cracking.

Figure 9. 95% conﬁdence intervals of measured SDAS values and calculated average
cooling rates.
In order to assess the variation in the mechanical properties along the substratedeposit interface, Vickers microhardness testing was performed. The hardness data from all
the 4 cases are shown in Figure 10. The transition from substrate to deposit is apparent in all
cases. The hardness of the deposit was comparable in all the cases. Al2024 was observed
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to have a higher hardness value in comparison with deposited Al4047. However, preheating
was observed to have increased the hardness of the alloy. Al6061, on the other hand, was
harder than the deposit when fabricated under room temperature. Upon preheating, the
hardness of the alloy seems to have been lowered. From either case, it is apparent that
preheating can change the material properties of the substrate. This can be an issue while
depositing on pre-existing components. Follow up heat treatments might be necessary to
recondition the parts post LMD fabrication.

Figure 10. Variation of microhardness across the substrate-deposit interface of Al4047
deposits on both Al2024 and Al6061 alloys.
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The integrity of the substrate-deposit bond was investigated through mini-tensile
testing. Mini-tensile samples were cut from the deposits of all 4 cases. The substratedeposit interface was located within the gage length of these specimens. These specimens
were tested at a constant strain rate of 10-3mm/mm/s. The crosshead displacement of the
testing machine was tracked to calculate the elongation and strain of the specimens. For
comparison metrics, commercially procured cold rolled and annealed Al4047 was also
tested. The data from these tensile tests is shown in Figure 11. The strength of the deposits
was comparable if not higher than the strength of the wrought specimens. While the strength
values were comparable among the deposits, the strain values were seen to vary across the
diﬀerent cases. However, there was no discernable trend to the variation in strain values.

Figure 11. Mechanical property values from mini-tensile testing with one-sigma error bars.
As an extension, the fracture surfaces of the mini-tensile specimens were analyzed
to determine the nature of the fracture and the zone that yielded. Most of the samples failed
in the Al4047 zone or the deposit zone. This was veriﬁed by using SEM image data as
shown in Figure 12 and conﬁrmed using EDS line scans. The fracture surfaces indicate the
presence of both brittle and ductile fracture elements where the silicon exhibits brittle crack
initiation which progresses through the alpha-aluminum as a ductile fracture [21].
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Figure 12. Fracture sruface images of broken minitensile sample with ductile (left, alpha
aluminum) and brittle (right, silicon) failure signatures.

5. CONCLUSIONS
This research successfully proves the capability of existing LMD systems to manufacture and repair aluminum alloy components. Some of the highlights include
• Successful additive manufacturing of thin-wall Al4047 alloy structures
• Substrate preheating seems to improve repeatability of deposition and quality of
deposition
• The feasibility of working with Al2024 and Al6061 and adaptability to other aluminum alloys
• The metallurgical bonding of two dissimilar aluminum alloys proving the possibility
of functionally grading and repair
• Diﬀerent dilution zone produced with substrate preheat and diﬀerent process parameters
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• The solid metallurgical bond with the substrate proven with mini-tensile data and
fractography
• The consistency of the deposition proven using SEM, EDS and micro-hardness analyses
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SECTION

2. CONCLUSIONS

The aim of this project was to investigate the feasibility of fabricating custom
designed, graded materials using LMD that will cater for functionality and unconventional
repair. The papers presented in this dissertation document the research and success achieved
in this regard. Some of the highlights from this research are,
• The successful demonstration of feasibility for using modular copper and nickel
powder feedstocks, to fabricate a wide range of alloy compositions through blending
and deposition
• The measurement of variation in mechanical properties across the wide range of
copper-nickel alloys fabricated using LMD through the use of mini-tensile testing
• The successful demonstration of feasibility of using pulse width modulation in laser
power to manipulate chemical gradient in copper-nickel FGM
• The characterization of the inﬂuence of diﬀerences in chemical gradient in coppernickel FGMs’ through DIC coupled mini-tensile testing
• The successful demonstration of feasibility of depositing Al4047 on both Al2024 and
Al6061
• The extensive characterization study on the inﬂuence of substrate preheating on
Al4047 deposition
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